Porcine circovirus type 2-(PCV2-) associated reproductive disorders and enteritis have commonly been observed on PCV2-contaminated pig farms in recent years. In order to investigate disorders of intestinal immunity in piglets infected by PCV2 during the fetal period, 9 PCV2b-infected piglets and 6 noninfected piglets at one day of age were selected and euthanised prior to suckling. Samples of mesenteric lymph nodes (MLNs) and duodena were collected to investigate factors related to intestinal immunity and to detect lymphocytic apoptosis. The results indicated that there were no significant changes in the levels of IL-2, IL-10 and transforming growth factor-β (TGF-β) in the PCV2b-infected piglets but IFN-γ levels were significantly lower (P < 0.01) and IL-4 levels were significantly higher (P < 0.05) in infected piglets than in the controls. Furthermore, lymphocytic apoptosis increased in PCV2b-infected piglets and CD4+ to CD8+ ratios were lower in these piglets than in the controls. These findings suggest vertical transmission of PCV2b to fetuses, leading to an imbalance of intestinal immune function in piglets.
Circoviruses, the smallest animal DNA viruses known to date, have a single-stranded, circular DNA genome that varies in size between 1.7 kb and 2.3 kb (Studdert, 1993; Manket et al., 1997) . Since the late 1990s, porcine circovirus type 2 (PCV2) has been regarded as the main causative agent of postweaning multisystemic wasting syndrome (PMWS) in pigs (Ellis et al., 1998; Allan et al., 1999) . Furthermore, in recent years, PCV2-associated reproductive disorders and enteritis have commonly been observed on PCV2-contaminated swine farms (O'Connor et al., 2001; Hansen et al., 2010; de Castro et al., 2012) . Transplacental infection by PCV2 under field conditions was reported by de Castro et al. (2012) , who detected a high prevalence of viraemia in sows and in their pre-+ The first author and the second author contributed equally to this work * Corresponding author; E-mail: zbangd@hunau.edu.cn; Fax: 0086 (0731) 84635276 suckle piglets infected with PCV2a or PCV2b. There are numerous reports on the suppression of immunity induced by PCV2 (West et al., 1990; Kekarainen et al., 2008; Cecere et al., 2012; Marco-Ramell et al., 2014) . Moreover, Kawashima et al. (2003) have indicated that cell-mediated immunity plays an important role in immunosuppression in pigs infected with PCV2. Enteritis associated with PCV2 in pigs has also been reported by Kim et al. (2004) , who showed that lymphocyte depletion in Peyer's patches is indicative of a direct or indirect pathogenic effect of the virus, suggesting that the intestinal immune system is not functioning properly. However, PCV2-associated enteritis in sucking piglets is less commonly recognised. Experimental confirmation of the ability of PCV2b to induce enteritis is lacking and only few studies have investigated the suppression of intestinal immunity by PCV2 infection during the fetal period (Kim et al., 2004; Bianco et al., 2014) . In order to investigate disorders of intestinal immunity in piglets infected by PCV2 during the fetal period, we examined lymphocytic apoptosis, CD4+/CD8+ ratios in the mesenteric lymph nodes (MLNs), and intestinal immunity related factors in PCV2-infected newborn piglets born to sows intramuscularly infected with PCV2b. Piglets born to mock-infected sows served as study controls.
Materials and methods

Experimental design and animal inoculation
Five sows [free of PCV2, porcine respiratory and reproductive syndrome virus (PRRSV), pseudorabies virus (PRV) and porcine parvovirus (PPV) and of antibodies against PCV2) were obtained from a pig farm in Huihua, Hunan, China, divided into two groups (three sows in Group 1 and two in Group 2) and artificially inseminated using pathogen-free semen. Each of the three sows in Group 1 was intramuscularly inoculated at day 75 after insemination with 5 × 10 6 tissue culture infectious doses (TCID 50 ) of PCV2b (GenBank accession number: KJ867555) in 5 ml of cell culture supernatant. In Group 2, each of the two sows was infected with cell culture supernatant. Each sow was housed in a separate room and fed a diet of balanced nutrient composition. After delivery, three newborn piglets from each litter (9 piglets for the test and 6 piglets for the control group) were randomly selected and euthanised with nitrous oxide (90%) and air (10%) prior to suckling. Samples of mesenteric lymph nodes (MLNs) and duodena were collected for the detection of PCV2b, lymphocytic apoptosis, intestinal immunity related factors, and secretory immunoglobulin A (SIgA). The study was conducted in accordance with the ethical guidelines for animal care in use in China (IACUC permit no. HNPR-2009-05003) .
PCR assay
PCV2b DNA in MLNs and duodena was extracted using a viral DNA extraction kit (Nanjing Keygen Biotech. Co. Ltd., Nanjing, Jiangsu, China). We used PCV2b-specific primers (forward primer: 5′-CACGGATATTGTATTCCT GGT-3′, reverse primer: 5′-CCGCACCTTCGGATATACTG-3′) to detect PCV2b DNA in the tissues using the PCR methods described in our previous study (Deng et al., 2013) .
Immunohistochemistry
Mouse anti-PCV2b monoclonal antibody (Abmart Co. Ltd., Shanghai, China) was used as the primary antibody for immunohistochemistry, and antigens of PCV2b in paraffin-embedded tissues were detected using a commercial immunohistochemical (IHC) kit (Zhong Shan Golden Bridge Co. Ltd., Beijing, China) in accordance with the manufacturer's recommendations.
Extraction and purification of lymphocytes from MLNs
The MLNs were placed into a nylon bag with a 200-mesh sieve and squeezed slightly three times into a plate containing 10 ml Roswell Park Memorial Institute (RPMI) 1640 medium (Invitrogen Corporation, Carlsbad, CA, USA) with 5% fetal bovine serum and 1% penicillin/streptomycin. The dispersed lymphocytes were filtered through the wall of the nylon bag by squeezing, and then the cell suspensions were collected for cell labelling and flow cytometry. All the procedures were performed at 5 °C.
Cell labelling and flow cytometry
Cell suspension samples were centrifuged at 400 × g for 5 min and the supernatant was discarded. The cell pellet was resuspended to a concentration of 1 × 10 5 cells/ml. The cells were then incubated in binding buffer containing propidium iodide and FITC-labelled Annexin V (Life Technologies Co., Carlsbad, CA, USA) for the detection of lymphocytic apoptosis, or diluted to 1 × 10 6 cells/ml for CD4+ and CD8+ cell detection using anti-CD3 [PPT3] (PE/Cy5○,R), anti-CD4 [74-12-4] (FITC), and anti-CD8 antibodies [76-2-11] (FITC) (Abcam Inc., Cambridge, UK). The above-mentioned procedures were performed within 45 min under dark conditions at 4 °C. The processed cells were detected using a flow cytometer (BD Biosciences, San Jose, CA, USA), and the data were evaluated with Tree Star's FlowJo software (v 7.6).
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Extraction of intestinal protein and detection of IL-2, IL-4, IFN-γ, transforming growth factor-β (TGF-β) and SIgA
The duodenal contents were washed off using phosphate-buffered saline (PBS) and 5 g samples from the duodena were ground to produce a homogenate. Three grams of the tissue homogenate were transferred to a tube containing 7 ml PBS (for cytokine detection), and 0.1 g of homogenate was placed into a tube containing 1 ml PBS (for SIgA detection). These samples were then twice frozen at -80 °C and thawed at room temperature. Thereafter, the samples were centrifuged at 4000 × g for 5 min at 4 °C. The supernatant was collected for the detection of intestinal IL-2, IL-4, IL-10, IFN-γ and TGF-β using commercial kits (Uscn Life Science Inc., Wuhan, China). SIgA was detected using an SIgA kit (Uscn Life Science Inc., Wuhan, China). Absorbances (450 nm) were measured using an ELISA reader (Infinite ® 200 PRO NanoQuant -Tecan, Männedorf, Switzerland). Standard curves for each cytokine and SIgA were prepared using standard samples of cytokines and SIgA (provided by the manufacturer in kits) and the professional software Curve Expert 1.3 (which generates a graph of absorbance on the y-axis versus concentration on the x-axis) in accordance with the manufacturer's instructions. Cytokine and SIgA concentrations were calculated from the standard curves using Curve Expert 1.3, and the data were analysed using SPSS 17.0.
Results
Gross and histopathological lesions
With the exception of a few lymph nodes that appeared mildly swollen, no gross lesions were observed in the MLNs and intestines derived from PCV2b-infected newborn piglets. Histopathological lesions in the MLNs mainly manifested as lymphocytic apoptosis and depletion in the germinal centres of lymph nodes (Fig. 1A) ; however, no histopathological lesions were observed in the intestines. No gross or histopathological lesions were observed in the control piglets.
PCR and immunohistochemical assays
The PCR results showed that PCV2b DNA was detected in 9/9 MLNs and 8/9 duodena from PCV2b-infected newborn piglets. In immunohistochemical assays, PCV2b antigen was detected in many lymphocytes of the germinal centres of MLNs (Fig. 1C) , and a small number of lymphocytes with PCV2b antigen were observed in the paracortical and medullary areas of lymph nodes. No PCV2b DNA and virus antigen signals were detected in the controls. 
Apoptosis and phenotype rates of lymphocytes
The apoptosis rates of lymphocytes in the MLNs were 0.757-1.60% for the PCV2b-infected piglets and 0.091-0.558% for the control piglets (data shown in Table 1 and Fig. 2 ). Statistical analysis showed that the apoptosis rates of lymphocytes were significantly higher in the virus-infected piglets than in the controls (P < 0.01). The percentage of CD8+ was increased (P < 0.05), whereas that of CD4+ was decreased (P < 0.01), resulting in significantly lower CD4+/ CD8+ values in the virus-infected piglets than in the controls (P < 0.01) (data shown in Table 1 and Fig 3) .
IL-2, IL-4, IL-10, IFN-γ, TGF-β and SIgA levels
The data pertaining to cytokines and SIgA are shown in Table 2 . IFN-γ levels were significantly lower (P < 0.01) while IL-4 levels were significantly higher (P < 0.05) in virus-infected piglets than in the controls. In contrast, although the levels of IL-2, IL-10 and TGF-β were lower in infected piglets than in the controls, the differences were not significant. SIgA levels were significantly higher (P < 0.01) in infected piglets than in the controls. 
Discussion
PCV2-induced enteric immune dysfunction in piglets is currently a notable problem (Baró et al., 2015) . PCV2 can induce enteritis independently of other enteric pathogens, and has a major contribution to enteric clinical disorders related to the occurrence of PCV2-systemic disease (PCV2-SD) (Opriessnig et al., 2011; Baró et al., 2015) . However, PCV2-associated enteritis in sucking piglets is less commonly recognised, and studies that confirm the ability of PCV2 to induce enteritis are lacking. In this study, although the PCV2b-infected piglets showed Table 2 IL-2, IL-4, IL-10, IFN-γ, TGF-β and SIgA levels in the intestine of infected and uninfected piglets no clinical signs (were in subclinical condition), lymphocytic apoptosis or depletion increased in these piglets, and the ratios of CD4+ to CD8+ were lower than in the controls. These findings are suggestive of immunosuppression in the organism, and a resulting lack of immune surveillance in the intestinal mucosa. In addition to digestion, the intestines are also involved in hormone secretion and immune regulation (Abreu, 2010) . The MLNs and gut-associated lymphoid tissues (GALTs) play an important role in immune defence in the intestine. In addition, cytokines, which are secreted by lymphocytes, can maintain and regulate the immune function in a healthy physiological state. Compared to the jejunum and ileum, the duodenum has abundant GALTs and fewer intestinal tract microorganisms. Accordingly, we used duodenum samples in the present study for the detection of cytokines and SIgA.
Although the PCV2b-infected piglets showed no significant changes in the levels of IL-2, IL-10 and TGF-β when compared with the control animals, the IFN-γ levels of infected piglets were significantly lower and their IL-4 levels were significantly higher. CD4+ T cells (T helper lymphocytes) include Th1 and Th2. Th1 cells produce IFN-γ that plays a critical role in the promotion of cellular immunity, whereas Th2 cells secrete IL-4, which is related to humoral immunity. The ratio of Th1 and Th2 changes as a result of virus infection. In combination with the changes of IFN-γ and IL-4 shown in the present study, it is suggested that there is a Th1 to Th2 shift triggering immunosuppression in the intestines of infected piglets.
In this study we found increased lymphocyte apoptosis and decreased CD4+/CD8+ and Th1/Th2 ratios in PCV2-infected piglets. The possible mechanism of these immunological changes is related to the expression of immunerelated genes and proteins. By RNA sequence analysis of lymphocytes in the MLNs of test and control piglets, 2 cell apoptosis-related genes and 9 immunerelated genes (data not shown) were found and had differential expression, such as FOS and CCL17. The FOS gene is associated with cell apoptosis or death and may induce lymphocyte apoptosis, while the product of CCL17 binds to chemokine receptors CCR4 and CCR8; these chemokines play important roles in T cell development in the thymus as well as in trafficking and activation of mature T cells, thereby resulting in a change of the CD4+/CD8+ ratio.
SIgA is the main antibody of the mucosal immune system and plays a key role in humoral immunity, acting as a first line of defence that prevents pathogenic bacteria from infecting the intestinal mucosa. Generally, if animals are infected by intestinal pathogens or are administered oral vaccines, the levels of SIgA will increase. In this study, the levels of SIgA were significantly higher in the infected piglets than in the controls, which is somewhat inconsistent with the findings reported by Marco-Ramell et al. (2014) and Bianco et al. (2014) . As an explanation for this discrepancy in observations between studies, we suggest that although PCV2 is an immunosuppressive pathogen, its immune activating effect in the intestinal mucosa system may occur prior to the development of immunologic changes during the early period of virus infection. Furthermore, increased IL-4 contributes to SIgA secretion in the intestinal mucosa.
In conclusion, it is generally known that PCV2 is transmitted vertically from sows to their fetuses and causes immunosuppression in newborn piglets. The increased lymphocyte apoptosis and decreased CD4+/CD8+ and Th1/Th2 ratios in PCV2-infected piglets might indicate an imbalance of intestinal immune function during PCV2b infection in the fetal period. Thus, to protect sucking piglets from PCV2 infection, vaccination is critically important for sows and their piglets.
